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In this work, Z-scheme V,05 loaded fluorinated inverse opal carbon nitride (I0 F-CN/V,0s5) was synthe-
sized as a product of ternary collaborative modification with heterostructure construction, element dop-
ing and inverse opal structure. The catalyst presented the highest photocatalytic activity and rate con-
stant for degradation of typical organic pollutants Rhodamine B (RhB) and was also used for the efficient
removal of antibiotics, represented by norfloxacin (NOR), sulfadiazine (SD) and levofloxacin (LVX). Char-
acterizations confirmed its increased specific surface area, narrowed bandgap, and enhanced visible light
utilization capacity. Further mechanism study including band structure study and electron paramagnetic
resonance (EPR) proved the successful construction of Z-scheme heterojunction, which improved photo-
generated charge carrier migration and provide sufficient free radicals for the degradation process. The
combination of different modifications contributed to the synergetic improvement of removal efficiency

Organic pollutants degradation

towards different organic pollutants.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

For the last few years, photocatalytic oxidation technology re-
ceives great development in the remediation of environmental pol-
lutants [1]. All-solid-state Z-scheme heterojunction photocatalysts
have gotten much attention due to its enhanced separation of
photogenerated carriers and shortened charge-transfer length, con-
tributing to the effective elimination of organic and heavy metal
pollutants [2-4]. Carbon nitride (g-C3Ny4) is one of the most used
semiconductor photocatalysts with narrow band gap (Eg) of 2.7 eV,
low toxicity, excellent stability as well as unique electronic and op-
tical properties [5-9]. Based on its superiority, there have been at-
tempts to construct g-C3N4-based Z-scheme heterojunction pho-
tocatalysts [10,11]. However, pure g-C3N4, material is limited by
its poor visible light absorption capacity and low photogenerated
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electron-hole separation efficiency [12], thus various methods are
studied for further application of the material. Meanwhile, inverse
opal structure has caught lots of attention due to its unique prop-
erties such as photonic band gap, slow photon effect and negative
refraction effect [13-15], and the structure has been successfully
applied to photocatalysts like inverse opal TiO, [16], Ni doped in-
verse opal black TiO, and Cds doped inverse opal WOs3 [17]. There
is much potential in the study of inverse opal carbon nitride (IO
CN), which is proved to be efficient in aspects like H,0, produc-
tion, CO, reduction and environmental remediation [18-20]. Re-
cent years, element doping is often considered a simple and ef-
ficient method to modify g-C3N4, widening its optical response
range and improving the separation efficiency of photogenerated
electron-hole pairs. Metal doping (K* [21], Na* [22]) and nonmetal
doping (P [23], S [24]) have been proven effective for g-C3Ny4, and
besides these practices, fluorinated carbon nitride (F-CN) was also
reported [25,26]. On the other hand, vanadium pentoxide (V,05)
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is an important transition metal oxide semiconductor, which has
been widely used in lithium-ion batteries, gas sensors and other
fields [27,28]. In addition, V,05 is a typical mid-band gap (2.3 eV)
semiconductor which can absorb visible light well [29]. But still,
pure V,05 represents low photocatalytic activity due to the nar-
row visible light response range and high recombination rate of
photogenerated electron-hole pairs. It is noted that the CB (0.47
eV) and VB (2.73 eV) of V,05 can perfectly match the CB (—1.2 eV)
and VB (1.5 eV) of g-C3N,4 to construct heterojunction. In this way,
photogenerated electrons in CB of g-C3N,4 eventually accumulated
with strong reducibility, while photogenerated holes on VB of V,05
eventually accumulated with strong oxidizability.

In this work, we synthesized the Z-scheme V,05 loaded fluo-
rinated inverse opal carbon nitride (I0 F-CN/V,05) in which het-
erostructure construction and element doping were combined with
the inverse opal structure to carry out ternary collaborative modi-
fication. We explored the photocatalytic degradation effect on Rho-
damine B (RhB) and antibiotics as typical organic pollutants. Based
on various characterizations and experiments, we explored the
possible photocatalytic mechanism of the catalyst.

To better examine the photocatalytic ability of 10 F-CN/V,0s,
we also synthesized bulk carbon nitride (bulk CN), 10 CN, in-
verse opal structure F-CN (IO F-CN) and V,0s5 loaded bulk fluo-
rinated CN (bulk F-CN/V,05) as comparisons. SiO, photonic crystal
as the template of inverse opal structure was prepared by a Stober
method (Text S1 in Supporting information). I0 CN and bulk CN
were synthesized using SiO, and dicyandiamide (DCDA). 0.6g of
DCDA and 1.0 g of SiO, PC were fully grounded and heated up to
520 °C for 120 min in argon gas, then heated to 550 °C for 120
min. For the yellow powder obtained after natural cooling, 4 mol/L
NH4HF, solution was used for etching. After 48 h, the light-yellow
sample was washed for 3 times with water and dried overnight.
The sample obtained was I0 CN. 0.6 g of DCDA was fully grounded
and heated up to 550 °C for 360 min in air stream. The yellow
sample obtained after natural cooling was bulk CN. [0 F-CN and
I0 F-CN/V,05 were synthesized based on IO CN. 0.1 g I0 CN was
fully dissolved in a 100 mL sodium fluoride (NaF) solution of 2.5
g/L and stirred for 24 h. The sample was washed several times
with deionized water and anhydrous ethanol and dried overnight.
The sample obtained was recorded as 10 F-CN. Then, 0.4 g of 10
F-CN and 0.0052 g of ammonium vanadate (NH4VO3) were mixed
and calcined. The sample was heated up to 550 °C at the rate of
2 °C/min, and the temperature was kept for 1h. The sample ob-
tained after natural cooling was 10 F-CN/V,0s. The preparation of
bulk F-CN/V,0s5 was the same as that of I0 F-CN/V,05 except the
replacement of 10 CN with bulk CN.

To characterize the morphology and microstructure of the sam-
ples obtained, the measurements of scanning electron micro-
scope (SEM), transmission electron microscope (TEM) and high-
resolution transmission electron microscope (HRTEM) were con-
ducted. From the SEM image in Fig. 1A, it can be observed that
bulk F-CN/V,05 has a block structure. Figs. 1B and C showed the
SEM and TEM images of 10 F-CN/V,0s, from which we can ob-
serve an obvious 3D ordered porous structure, and the results also
showed that the fluorination doping and V,05 loading did not de-
stroy the unique 3D ordered porous structure of I0 CN. From the
HRTEM image in Fig. 1D, we can find a region with lattice fringe
of 0.287 nm corresponding to the (400) crystal plane of V,05 [30].

Nitrogen adsorption-desorption curve (BET, Micromeritics ASAP
2020) was used to obtain the specific surface area of the sam-
ple under the degassing condition of heating under 300 °C for 8
h. And Barret-Joyner-Halenda (BJH) model was used to calculate
the pore volume and pore size distribution of the sample. From
Fig. S1 (Supporting information), it can be observed that, on the
one hand, the specific surface area of I0 F-CN/V,05 increased sig-
nificantly compared with bulk CN and bulk F-CN/V,05 thanks to
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Fig. 1. (A) SEM image of bulk F-CN/V,0s; (B) SEM, (C) TEM and (D) HRTEM images
of 10 F-CN/V,0s.

the unique porous structure of inverse opal structure. On the other
hand, the specific surface area of 10 F-CN/V,05 did not change sig-
nificantly compared with 10 CN, which further indicated that fluo-
rination and V,05 loading had little impact on the specific surface
area of 10 CN.

X-ray diffractometer (XRD, Rigaku D/Max 2550 VB/PC) was used
to study the crystal structure of the sample with a scanning range
of 5°-80°. From Figs. 2A and B, we can clearly observe two diffrac-
tion peaks belonging to the (100) and (002) crystal planes of g-
C3Ny4 at 13.0° and 27.3°, respectively. In addition, no diffraction
peak belonging to NaF was found, indicating that fluorine element
was successfully incorporated inside 10 CN. In Fig. 2B, we can find
four diffraction peaks at 20.3°, 26.1°, 31.0° and 47.3° attributed to
the (001), (110), (301) and (600) crystal planes of V,05 simultane-
ously, which are consistent with the ones of pure V,05 in Fig. 2C.
The results indicate that 10 F-CN has successfully combined with
V5,05 which is well-crystallized.

X-ray photoelectron spectrometer (XPS, Thermo Scientific ES-
CALAB 250Xi) was used to analyze the chemical composition of
the sample. The results were shown in Fig. S2 (Supporting infor-
mation). The internal standard was carbon and the data obtained
were translated and corrected according to C 1s = 284.6 eV. Fig.
S2A showed the C 1s spectrum of 10 F-CN/V,0s, in which the peak
at 288.7 eV corresponded to the existing of C-N-C bond [31], and
the other peak at 284.7 eV corresponded to C-C bond [32]. Fig. S2B
showed the spectrum of N 1s in which the peak of 399.1 eV corre-
sponded to C=N-C bond, and the peaks of 400.1 eV and 401.2 eV
corresponded to N—(C); bond and N—H bond [33,34]. The O 1s of
10 F-CN/V,05 in Fig. S2C showed a signal peak at 532.8 eV, which
belonged to the oxygen atom in the surface hydroxyl group. In F
1s, the peaks of 689.7 eV and 692.1 eV can be assigned to charge
effect between fluorine atoms and 7 electorn system [35], prov-
ing the success of fluorination. As shown in Fig. S2E, V 2p can be
decomposed into two spin orbital components at the binding en-
ergies of 517.4 eV and 524.8 eV, which were attributed to V 2p;,
and V 2pqp, of V,05 respectively [30]. XPS results further proved
the successful combination of 10 F-CN and V,0s.

In order to explore the degradation effect for RhB, 50 mg of
samples were dispersed into 50 mL of 20 mg/L RhB solution. The
reaction was kept in dark condition for 20 min to ensure the ad-
sorption balance of RhB. After 20 min, a 300 W Xenon lamp with
a 420 nm cutoff filter was used for the photocatalytic process un-
der visible light irradiation. For every 10 min during the reaction, a
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Fig. 2. XRD patterns of (A) IO F-CN, (B) IO F-CN/V,0s and (C) V,0s.

Fig. 3. (A) The degradation results to RhB over different catalysts under visible light irradiation. (B) The corresponding rate constant and (C) the degradation results of 10

F-CN/V,05 to NOR, LVX and SD.

certain amount of suspension was removed and centrifuged at the
speed of 12000 rpm for 10 min. The absorbance of RhB at 553 nm
was determined using an ultraviolet-visible spectrophotometer to
determine its concentration.

The degradation of antibiotics was explored in the same
method as RhB. The chosen antibiotics were norfloxacin (NOR), sul-
fadiazine (SD) and levofloxacin (LVX). All the antibiotics were pre-
pared in 20 mg/L solutions. The concentration of NOR, SD and LVX
was determined by HPLC (Shimadzu LC-20AD, Japan) at 7 min, 7
min and 8 min interval, respectively.

The degradation results were shown in Fig. 3A and Fig. S3 (Sup-
porting information). Fig. 3A showed that the degradation rate of
RhB for bulk CN was 48.7% after 30 min under visible light ir-
radiation. For bulk F-CN/V,0s, the degradation rate of RhB was
56.9%. For 10 CN, the degradation rate of RhB was 67.9%. For IO
F-CN, the degradation rate of RhB was 72.4%. However, for 10 F-
CN/V,0s, the degradation rate of RhB was 100%. Fig. S3 showed
the UV-vis spectra of RhB solution during the whole degradation
process with 10 F-CN/V,05 as the catalyst. The intensity at 553
nm was significantly decreased after 30 min of visible light irra-
diation, and there was only a small characteristic peak at around
500 nm, which may be the possible remaining degradation inter-
mediate while the majority of RhB was turned into H,O and CO,.
Fig. 3A showed the degradation effect of RhB with different cata-
lysts. The results showed that 10 F-CN/V,05 had the highest pho-
tocatalytic activity among all the samples. As shown in Fig. 3B, we
can further compare the photocatalytic performance of bulk CN,
bulk CN/V,0s, bulk F-CN/V,0s, 10 CN, IO F-CN, I0 CN/V,05 and
I0 F-CN/V,05 by the photocatalytic degradation rate constant (k
value). The k value of 10 F-CN was about 1.16 times that of 10 CN,
bulk F-CN/V,05 was 1.07 times that of bulk CN/V,0s, indicating
that fluorination can improve the activity of photocatalyst. In ad-
dition, the k value of I0 F-CN/V,05 was about 1.48 times that of
I0 F-CN and 1.33 times that of I0 CN/V,0s, which showed the ad-
vantages of the combination of 10 F-CN and V,0s5 in improving the
photocatalytic activity. In addition to the degradation of RhB, the
catalyst 10 F-CN/V,05 was also used for degradation of antibiotics
under visible light irradiation. As shown in Fig. 3C, after irradiation
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for 60 min, the degradation rate of NOR, SD and LVX (20 mg/L)
was 69.6%, 80.3% and 100%, respectively. Based on the degradation
results of RhB and antibiotics, the prepared 10 F-CN/V,05 catalyst
had a good performance in degrading various organic pollutants.

The adsorption effect of catalysts was also studied. As shown
in Fig. S4A (Supporting information), catalysts with inverse opal
structure could adsorb more RhB under dark condition, but the
total amount was only 2%-4%, which had little influence on the
photocatalytic degradation process. Fig. S4B (Supporting informa-
tion) showed the adsorption effect of different antibiotics with 10
F-CN/V,05 under dark conditions. SD could hardly be adsorbed,
while 15% of NOR and LVX were adsorbed. According to the re-
sults above, it can be confirmed that most organic pollutants were
removed by degradation under light irradiation rather than adsorp-
tion.

To explore the stability of the sample, cycle experiments were
conducted. The results were shown in Fig. S5 (Supporting infor-
mation). Fig. S5A showed that the sample remained a strong abil-
ity for RhB degradation after 4 times of use. Fig. S4B showed that
the XRD pattern of I0 F-CN/V,05 did not change significantly after
the cycle experiments, indicating that the crystal structure of the
sample did not change. The SEM image in Fig. S5C and TEM im-
age in Fig. S5D further verified that after the cycle experiments the
material remained good mechanical stability. All the results above
showed that the catalyst can be reused for a good practical appli-
cation prospect with good stability.

To reveal the photocatalytic mechanism of the sample, a series
of photochemical tests were conducted. The results were shown
in Fig. S6 (Supporting information). Photoluminescence (PL) emis-
sion spectra were used to validate the photogenic carrier sepa-
ration efficiency of the modified catalysts. As shown in Fig. S6A,
the samples can be sorted by PL strength as follows: bulk CN >
bulk F-CN/V,05 > 10 CN > IO F-CN > IO F-CN/V,05_Therefore,
the photocatalytic system of 10 F-CN/V,05 presented the best pho-
togenic carrier separation ability, which explained its best photo-
catalytic ability in RhB degradation process. At the same time, we
tested the photocurrent (Fig. S6B) and electrical impedance (Fig.
S6C) of the samples. The results showed that [0 F-CN/V,05 got the
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Fig. 4. (A) Schematic diagram for the band alignments of 10 F-CN and V,0s. (B) Schematic illustration of the photocatalytic mechanism for 10 F-CN/V,0s.

highest photocurrent intensity as well as the minimum electrical
impedance, which further proved that 10 F-CN/V,05 had the best
photogenerated carrier separation capability.

To further explore other possible reasons for the enhanced pho-
tocatalytic activity, we conducted UV-DRS tests on the sample
shown in Fig. S7 (Supporting information). Fig. S7A showed that
the absorption capacity of 10 F-CN in visible light region was en-
hanced compared with 10 CN, which may be related to fluorina-
tion [36]. The band gap (Eg) of the catalyst was evaluated by the
Kubelka-Munk equation (Eq. 1) [37,38]:

ahv = A(E; — hv)? (1)

Fig. S7B showed that the band gap (Eg) of 10 CN and IO F-CN
were 2.68 eV and 2.64 eV respectively. It can be observed that
fluorination can narrow the Eg; of the material to a certain ex-
tent, which was consistent with previous literature results [39].
The Mott-Schottky curves in Figs. S7C and D were used to de-
termine the Fermi energy level (Er) [40-42]. The exact potentials
were converted into the reversible hydrogen electrode (RHE) as fol-
lowed (Eq. 2):

Egng = Esce +0.0591pH + 0.24 2)

Considering that the pH of Na,SO4 solution was 6.8, the Er po-
tentials of 10 F-CN and V,05 was —0.69 eV and 1.28 eV respec-
tively. Thus, photogenerated electrons would transfer from V05
with higher Fermi level to 10 F-CN, and XPS-VB results (Fig. S8
in support information) were used to determind the specfic band
structure [43]. According to the band structure established above,
the band alignment of I0 F-CN and V,05 was plotted in Fig. 4A.

In order to explore the main active species of the photocat-
alytic process and verify possible charge transfer pathways, tri-
ethanolamine (TEOA, 1 mmol/L), benzoquinone (BQ, 1 mmol/L) and
thiobarbituric acid (TBA, 1 mmol/L) were used as capture agents
for h*, "0, and "OH, respectively. The procedure of free radical
capture experiments was similar to that of photocatalytic degrada-
tion experiments. Fig. S9 (Supporting information) showed that BQ
as the "0, ~ trapping agent had a significant effect on the photocat-
alytic activity of photocatalyst, indicating that ‘O,~ was the main
active substance in the photocatalytic oxidation process, while *‘OH
and h* played a relatively weaker role. The electron paramagnetic
resonance (EPR) examination was also performed, validating the
existence of superoxide (Fig. S10A in Supporting information) and
hydroxyl radicals (Fig. S10B in Supporting information) by using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin-trapping agent
[44,45].

Based on the experimental results above, the possible mecha-
nism of 10 F-CN/V,05 photocatalytic system was clarified as fol-
lows: as shown in Fig. 4B, both 10 F-CN and V,0s5 can be ex-
cited by visible light to generate photoelectron-hole pairs. If the
photoelectron-hole pairs on the charge transfer path were of the
traditional type II-scheme heterojunction system, the photoelec-
trons in the CB of V,05 will not be combined with O, to produce

3800

0,7, for that the potential of V,05 CB (0.64 eV) was more positive
than standard oxidation-reduction potentials of 0,/°0,~ (0.33 eV
vs. NHE). However, according to the results of the free radical cap-
ture experiment, we proved that ‘O, was the main active species
of the reaction. Therefore, photogenerated electrons in CB of V,05
tended to transfer directly to VB of 10 F-CN and compound with
photogenerated holes. In this way, the e~ accumulated in CB of 10
F-CN with higher reducing capacity can combine with O, to form
‘0,~. Meanwhile, h* accumulated in VB of V,05 can directly ox-
idize organic pollutants. In conclusion, the I0 F-CN/V,0s5 hetero-
junction prepared was verified as Z-scheme heterojunction, which
can improve the separation and transfer efficiency of photogener-
ated electron-hole pairs effectively and showed a strong oxidation
capacity to enhance the degradation capacity of organic pollutants.

In this study, 10 F-CN was synthesized and combined with V,05
by a hard template method and calcination as a Z-scheme hetero-
junction photocatalyst. Through various characterizations, it was
proved that the photocatalyst had improved visible light utiliza-
tion capacity and efficient photogenic carrier separation efficiency
due to the synergistic effect of fluorination and V,0s. The mate-
rial was applied to the photocatalytic degradation of organic pollu-
tants represented by RhB and antibiotics, and the results exhibited
its excellent photocatalytic activity. The photocatalytic degradation
rate constants of RhB are 3.2 times and 1.7 times higher than that
of bulk CN and IO CN respectively, indicating the synergistic effect
of element doping, heterostructure construction alongside with in-
verse opal structure in the photocatalytic process. The free radical
capture experiments showed that the main active species of the
degradation system was "0, . In addition, the material had a good
cyclic stability.
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